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Ceo-fullerenes have unique potential in antiviral, drug delivery, photodynamic therapy and other biomedical
applications. However, little is known about their effects on macrophage surface morphology and
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ultrastructure. Here by using contact-free scanning ion conductance microscopy (SICM), we investigated

the effects of two water-soluble fullerenes on the surface ultrastructure and function of macrophages.
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Introduction

Ceo-fullerene was discovered by Richard Smalley, Robert Curl
and Harold Kroto in 1985 and it is a novel carbon allotrope with
a spherical structure.*” During the last few years, due to their
unique physical structure and chemical properties,>* Cgo-
fullerenes and their derivatives have been considered important
ingredients for cosmetics and photoelectric materials, and they
also have many advantages and potential in the field of
biomedicine, such as antiviral, drug delivery and photodynamic
therapy applications.*® As an important molecule widely used
in various biological activities, evaluating its cytotoxicity and
biocompatibility to the immune system has become a very
meaningful research topic in recent years.>'® Up to now,
research on cytotoxicity and biocompatibility of some Cgo-
fullerenes mainly focused on detecting the release of inflam-
matory cytokines and cell viability in cultured macrophages.”**
For example, Park et al. found that carbon fullerenes (CgoS)
could induce an increase in pro-inflammatory cytokines such as
interleukin-1, tumor necrosis factor-o. and interleukin-6 in the
lung of mice.** Sayes et al. found that water-soluble nano-Cg,
colloidal suspension could disrupt normal cellular function
through lipid peroxidation.*® However, little is known about
effects of Cgo-fullerenes and its derivatives on the surface
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The results showed that these fullerenes would be a promising phagocytosis inhibitor and SICM would
be an excellent tool to study the morphological information of adhesive and fragile samples.

morphology and ultrastructural changes of macrophages. In
addition, changes in cell morphology and surface ultrastructure
are not only a reflection of the cytotoxicity and biocompatibility
of nanomaterials, but also some cellular functions, e.g., the
phagocytosis of macrophage. For example, we can know
whether the macrophage have an inflammatory reaction from
its surface morphology,'*'” and also it has been proved that
cytoskeletal rearrangement and morphological changes can
affect the phagocytic function of macrophages.*®*®

The morphology of macrophages can be studied by using
different imaging techniques, such as optical microscopy,
atomic force microscopy (AFM), electron microscopy, etc. Due to
the optical diffraction limit of traditional optical microscopy,
the most common methods to study the surface ultrastructure
of macrophage in nanoscale are AFM and electron microscopy.
For example, AFM imaging was used to reveal the distinct
features of macrophage ultrastructure for the different stages of
phagocytosis against cancer cells.*® Shvedova et al. studied the
ultrastructural and morphological changes of human
epidermal keratinocytes after treated with single-wall carbon
nanotubes (SWCNTSs) by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM),* Fiorito et al
revealed the changes of macrophage surface morphology after
being treated with Cgp-fullerenes and SWCNTs by SEM.V
However, because of the contact scanning mode of AFM and
extremely severe imaging conditions of electron microscopy,
such as high vacuum conditions, electron beam excitation and
freeze-dehydrated sample preparation, they all have potential
damage to the surface ultrastructure of biological samples.*
Therefore, a contact-free imaging technology with nanoscale
resolution under physiological conditions is needed. Scanning
ion conductance microscopy (SICM), an excellent combination
of scanning probe microscopy (SPM) and patch-clamp tech-
nique, has been invented since 1989.* In the past few years,
owing to the continuous improvements in the feedback control
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system, SICM has emerged as a powerful tool to image and
analyze fragile, adhesive or sensitive surfaces, such as living cell
membrane, with nanometer scale resolution.>” For example,
SICM can be used for long-term microvilli dynamics imaging
with high image quality while AFM cannot.”® Novak et al.
tracked the dynamic interactions between individual carboxyl-
modified nanoparticles and cell membrane structures at
nanoscale using a high-speed SICM.” In addition, SICM also
was used to evaluate the cytotoxicity and efficiency of many
nanomaterials as drug delivery carriers by imaging the detailed
cellular morphological information, e.g., Lee et al. studied the
morphological changes of A549 cells after treatment with
doxorubicin-loaded DNA-wrapped halloysite nanotubes (HDD),
they found that the actin filaments were disrupted into sepa-
rated dot structures because of the release of doxorubicin from
HDD.*® Therefore, the contact-free SICM imaging technology
provides an excellent method for studying the effects of fuller-
enes on the morphology and ultrastructure of macrophages
under physiological conditions. In this work, we studied the
surface ultrastructure of THP-1 macrophages before and after
polyhydroxylated (Cso—~OH) or cationic (Ceo—Por) water-soluble
fullerenes treatment by SICM under physiological conditions.
Results indicate that the water-soluble fullerenes can affect the
phagocytic function of macrophages by affecting their surface
ultrastructure.

Results and discussion

Changes in macrophage surface ultrastructure such as
membrane ruffles are closely related to macropinocytosis and
phagocytosis, which in turn affect macrophage uptake and
destruction of microbial pathogens. Therefore, it is important
to use a non-contact and non-invasive method to characterize
the adhesive and fragile ultrastructure on the surface of
macrophages.®* Here, for the first time, we imaged the surface
ultrastructure of THP-1 differentiated macrophage using the
contact-free SICM at nanoscale resolution under physiological
conditions. Fig. 1A shows the schematic diagram of the SICM
device with a nanopipette filled and immersed in physiological
buffer above a biological sample. It is noted that THP-1 cells
were incubated with PMA for 72 hours to induce differentiation
and attachment before SICM imaging. By imaging the whole
cell in a large scale, the cell surface exhibited many blurred
structural details (Fig. 2A). Further small-scale imaging showed
that there were many flat sheet-like membrane ruffles and a few
circular ruffles on the dorsal membrane (Fig. 2B). As might be
expected, almost all the membrane ruffles in SICM imaging
appeared more intact while part of them seemed fractured in
SEM imaging.'”** Therefore, studying the intact forms of these
ruffles by contact-free SICM imaging might contribute to
improving our understanding of phagocytosis and macro-
pinocytosis mechanism.

In view of the great potential of Ceo-fullerene derivatives in
biomedical research, and the close relationship between
macrophage surface morphology and cell function.**** There-
fore, investigating the effects of Cgo-fullerene derivatives on the
macrophage surface morphology and ultrastructure is of great
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Fig. 1 (A) Schematic diagram of the SICM device with a nanopipette
filled and immersed in physiological buffer above a biological sample.
(B) Molecular structure of the hydroxyl and porphyrin-modified water-
soluble fullerenes used in this study.
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Fig. 2 SICM imaging of THP-1 differentiated macrophage surface
ultrastructure. (A) The cell surface morphology of a large scale. (B)
Further small-scale imaging showed the height topography on the
dorsal membrane of macrophage. Region: 10 x 10 um, pixel: 256 x
256.

significance. Here we observed the ultrastructure changes of
THP-1 macrophage by SICM imaging after 48 hours of treat-
ment with water-soluble fullerenes Cgy—~OH or Cgo-Por (the
molecular structures of the two are shown in Fig. 1B, and their
hydration diameter was characterized by dynamic light scat-
tering in ESI Fig. S17). As shown in Fig. 3A and B, both the cells
treated with 0.01 mg mL ™" Cg~OH or Cgo-Por showed surface
actin cytoskeleton rearrangement significantly (a higher
concentration of 0.1 mg mL " was also studied in the ESI
Fig. S271). The sheet-like membrane ruffles become smaller and
reduced after treated with C¢,—OH, but more circular ruffles and
blebs emerged. Contrary to these changes, the sheet-like ruffles
become thickening and increased after Cqo—Por treatment. In
addition, we analyzed the length distribution of the membrane
ruffles before and after water-soluble Cgo-fullerenes treatment
(Fig. 3C). The length of the membrane ruffles is about 7 pm
before Cg(-fullerenes treatment, but reduced to about 5 um after
Cgo—Por treatment and about 2.5 pm after C¢,—OH treatment.
Taking these significant changes into account, we performed
a cytotoxicity assay on the two water-soluble Cgo-fullerenes. We
evaluated the cytotoxicity of Cs,—OH and Ce—Por against THP-1
macrophage by Cell Counting Kit-8 (CCK-8) assay. The result
showed that more than 90% of the cells survived, so these two

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The surface topography of THP-1 macrophages treated with
different water-soluble Cgo-fullerenes. (A) Cgo—OH treatment. (B)
Cgo—Por treatment. (C) Length distribution of the surface membrane
ruffles after different treatment. (D) Cytotoxicity of different Cgo-
fullerenes.

water-soluble Cgo-fullerenes did not cause any statistically
significant cytotoxicity (Fig. 3D). It is noted that the treatment
concentrations and incubation times of water-soluble Cgo-
fullerenes in this study were based on the results of our previous
study.>>** Therefore, the significant changes of surface
membrane ruffles might be attributed to the activation of
phagocytosis, rather than the cytotoxicity of C¢o—-OH and Cgo—
Por.

To study whether these surface actin cytoskeleton rear-
rangements were reversible or not, we removed the Cgp-fuller-
enes and kept the THP-1 macrophages continuing to be
cultured in normal medium for 48 hours. The SICM imaging
showed that both the membrane ruffles could restore basically
(Fig. 4). The surface membrane ruffles after treated with C¢o—-OH
restored to large and sheet-like (Fig. 4A). As shown in Fig. 4B,
the membrane ruffles of Cgo—Por treated macrophages restored
to sheet-like and showed a dramatic decrease.

Since the intracellular cytoskeleton plays an equally impor-
tant role in the regulation of macropinocytosis and

Fig. 4 Recoveries of the macrophage surface ultrastructure after
different water-soluble Cgq-fullerenes treatment. (A) Recovery after
Ceo—OH treatment. (B) Recovery after Cgo—Por treatment. Region: 10
x 10 um, pixel: 128 x 128.
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phagocytosis as well as surface ultrastructure, here we study
whether the Cg-OH and Cgy-Por fullerenes affect cell
morphology through cytoskeletal fluorescence imaging. As
shown in Fig. 5, the distribution of F-actin, stained by rhoda-
mine phalloidin, was examined by a laser scanning confocal
fluorescence microscope. Before treated with water-soluble Cg,-
fullerenes, PMA-differentiated THP-1 macrophages
adherent growth and they showed a spindle or polygonal
morphology (Fig. 5A). The spindle or polygonal morphology
could be mainly attributed to the important role of actin cyto-
skeleton. After C4o—OH or Cgo—Por treatment, although both the
cells were still adherent growth, most of them turned round
(Fig. 5B and D). It heralded the rearrangement of the macro-
phage actin cytoskeleton. Then we removed the Cgo-fullerenes
and continued to culture the THP-1 macrophages in normal
medium for 48 hours. Most of them restored to spindle or
polygonal morphology and its surface ruffles have a certain
degree of recovery (Fig. 5C and E). During this process, although
we can see some changes in surface folds, these changes are not
as pronounced compared to SICM imaging.

As mentioned above, the cellular morphology and surface
ultrastructure of THP-1 macrophages changed significantly
after water-soluble Cg,—OH or Cgy—Por treatment, and these
changes were closely related to phagocytic function. Therefore,
studying the changes of macrophage phagocytosis before and
after Cgy-fullerenes treatment is beneficial to understand the
impact on its immune function. In our experiment, THP-1
macrophages were exposed to fluorescent beads with a diam-
eter of 2 pm overnight after C4—OH or Cgy—Por treatment
(Fig. 6A). The total fluorescence intensity of individual cells was
then analyzed, and the statistical results showed that both Cgo—
OH and Cgo—Por treatments significantly reduced phagocytosis
(Fig. 6B).

In view of the above results found that the surface ultra-
structure and morphology have been restored to a certain
extent, here we want to know whether the phagocytic function
has been restored or not. THP-1 macrophages continued to be
cultured in normal medium for 48 hours after Cgo-fullerenes
treatments, and then exposed to fluorescent beads overnight
(Fig. 6A). The statistical results showed that the phagocytosis of
both is increased noticeably (Fig. 6B). This is consistent with the

B)
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D)
10pm 10 ym

Fig. 5 Morphological changes of THP-1 macrophages after different
water-soluble Cgo-fullerenes treatment by using a confocal micro-
scope. (A) Control. (B) Treat with Cgo—OH. (C) Recovery after Cgo—OH
treatment. (D) Treat with Cgo—Por. (E) Recovery after Cgo—Por treat-
ment. It is noted that the red actin was stained by rhodamine phal-
loidin, the cell nucleus was stained by DAPI.
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Fig. 6 The phagocytosis of THP-1 macrophage before and after treated with water-soluble fullerenes. (A) From left to right are the control, Ceo—
OH treatment, Cgo—Por treatment, and recovery from Cgo—OH and Cgo—Por treatment respectively. The top row shows the bright field of THP-1
macrophages under different treatments. The middle row is the confocal images of 2 pm diameter fluorescent beads engulfed by macrophage.
The bottom row is the overlap of bright fields and fluorescent fields. Scale bar, 20 pm. (B) The histograms show the corresponding average

fluorescence intensity of about 30 cells each group.

previous results that the cellular morphology and surface
ultrastructure cannot be fully restored. Therefore, we speculate
that these two water-soluble fullerenes affect phagocytosis by
affecting the rearrangement of surface membrane ruffles and
intracellular actin cytoskeleton.

Conclusions

In conclusion, considering the wide application of fullerene
derivatives in biomedicine, we hope to study their effects on the
immune system by characterizing the relationship between the
surface ultrastructure and function of immune cells. In this
work, by using the contact-free SICM, we achieved the surface
ultrastructure of macrophage under physiological conditions
for the first time. Compared with the previous electron
microscopy imaging results, we observed a lot of more intact
sheet-like membrane ruffles. In addition, we found that the
sheet-like surface membrane ruffles appeared varying degrees
of shortening and thickening after treatment with C,—OH or
Ceo—Por. And these changes could be restored basically when we
removed the Cgo-fullerenes derivatives and continued to culture
in normal medium for 48 hours. Given that the membrane
ruffles are shortened to varying degrees and the fluorescence
intensity of F-actin on the membrane surface decreases after
Ceo-OH and Cgy—Por treatment, we believe that the fullerenes
induce cell membrane ruffle rearrangement by reducing F-actin
aggregation or inhibiting F-actin protein expression. Further
confocal imaging showed that most of the macrophage
morphology turned round and the phagocytosis reduced
significantly. Based on the negligible cytotoxicity of Csc—OH and
Ceo—Por, we could surmise that these two water-soluble Cgo-
fullerenes affected the phagocytosis of macrophage by affecting
the surface membrane ruffles and intracellular actin cytoskel-
eton. And these effects were reversible to a certain degree.
Given the fact that membrane ruffles serve as a critical role in
the initial capture of particulate targets prior to phagocytosis or
micropinocytosis for activated macrophages, the membrane

22200 | RSC Adv, 2022, 12, 22197-22201

ruffle rearrangement is instrumental for the uptake of both
soluble and particulate antigen by macrophages.*”*® Therefore,
Ceo~OH and Cgo-Por would be a promising inhibitor of
phagocytosis in studying the endocytic mechanism. And this
work also demonstrated that the contact-free SICM would be an
excellent tool to study the morphological information of adhe-
sive and fragile materials.
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